The paper considers the impact of various temperature hysteresis bands on the projected annual energy consumption of a domestic refrigerator when operating empty of product and with an internal product (comprising of 10L of water). Measurements from an IoT system employing a NodeMCU-based Generalized Predictive Control scheme, are used to support the study. A ThingSpeak platform and Smart Wi-Fi plug is used to realize the different temperature hysteresis bands whilst maintaining a given mean nominal internal temperature. Experimental measurements are taken from an IGENIX IG 3920 refrigerator. Results show that by judicious choice of hysteresis band, which is shown to be dependent on the internal product characteristics, annual energy savings of up to 20% can be obtained compared to worst case fixed hysteresis band scenarios.
INTRODUCTION
Thermostatically Controlled Loads (TCLs) have been identified as key contributors to facilitate the implementation of improved power control and demand side response schemes. Refrigerators in particular form a fundamental part daily power consumption with around 1.4 billion fridges being used across the world and consume around 650 TWh per year [1] . With the rapid increase in the deployment of IoT refrigerators can now be controlled remotely, and their temperature setpoints and power usage controlled at a greater granularity to improve efficiency and reduce costs [2] , [3] .
The concept of using domestic cooling appliances to the stabilize grid frequency was introduced in the 1980s [4] and studies on load shifting by adaptive control of air conditioning of buildings and refrigerated warehouses have been considered for some time [5] , [6] . Demand Side Response (DSR) with refrigerators as primary assets have been considered for several smart grid applications [7] - [11] . Specifically, [9] recommend the use of refrigerators for flexibile power balancing, whilst the authors of [10] propose the inclusion of domestic appliances in congestion management and recommend refrigerators and freezers as suitable for load shifting.
Models of thermostatically controlled loads can be used to provide accurate future predictions of their internal states, and optimal control inputs, including any constraints can then be calculated. For instance, Model Predictive Control (MPC) schemes provide a family of approaches that determine optimal system control inputs based on the known system dynamics, whilst directly incorporating operational or comfort constraints. In [12] a model predictive controller was developed for a domestic freezer, whilst in [13] a greybox modeling approach was investigated on a household refrigeration unit. Both showed that MPC can be utilized for household freezers using linear or non-linear system models with the underpinning optimization problem leading to convex or non-convex solutions, respectively. In [14] a novel heuristic model predictive controller was proposed for domestic refrigerators for hourly pricing of Demand Side Management (DSM) programs by shifting its operating periods to more cost-effective times. Such controllers do not directly measure the effects of external disturbances (e.g. door openings or change of the thermal capacity of the food), but rather the adaptive system model indirectly reflects these changes.
Typically, when a refrigerator's thermostat is adjusted to a setpoint, the fridge's temperature will be allowed to deviate between upper and lower temperature values about the setpoint using an on-off hysteresis-type power control scheme. Here then, the paper considers the impact of different hysteresis bands on the projected annual energy consumption of a small domestic refrigerator (a IGENIX IG3920) and component lifetime implications. Measurements are taken from the refrigerator under MPC control using a wireless IoT scheme.
II. EXPERIMENTAL SETUP
The experimental setup employs a NodeMCU microcontroller to implement the MPC and an IoT smartplug based platform to provide on-off control of the refrigerator. ThingSpeak is used for a data acquisition and monitoring-see Figure 1 . Internal and external temperatures are monitored using a DS15B20 waterproof sensor (internal) and a TMP102 (for ambient temperature), respectively. 
III. RECURSIVE ALGORITHM FOR THE ONLINE IDENTIFICATION OF REFRIGERATOR DYNAMICS AND ADAPTIVE MPC
A fundamental part of MPC control schemes is the identification of the underlying system dynamics. The application to refrigerators is complicated because of significant dynamic changes due to ambient conditions, opening and closing the door and the changes in product mass and constitution within the refrigerator (the product). Real-time model updates are therefore essential for high performance control i.e. adaptive mechanisms are necessary.
For this study the authors use an ARX model with the input and output of the system given by u(t) and y(t), respectively [15] :
This can be reduced to a more compact notation:
To emphasize that the estimated value of y(t) from past data depends on the parameters in θ, the estimated value is denoted ̂( ) where:
Previous knowledge suggests a first order ARX model is sufficient to capture the primary temperature dynamic characteristics of the refrigerator. Initial parameters a 1 and b 1 are identified online using the Recursive Least Squares (RLS) algorithm given in [15] :
A Generalized Predictive Control (GPC) scheme is then used as described in [16] -see Figure 2 for the structural overview. Here investigations are carried out to look at the impact of different hysteresis bands on the power consumption of the refrigerator under conditions of i) no internal product ii) internal product consisting of 10L of water. The results are extended to predict the annual energy consumption of the refrigerator under the various scenarios, and the identification and MPC schemes are implemented with a fixed sampling period of 20 seconds. The ambient temperature is controlled to be in the range of 20 o C  2 o C since previous research has reported that this can be a key contributor to refrigerator energy consumption [17] .
An initial experiment is undertaken with the temperature-controlled hysteresis band set to 0 o C i.e. effectively mimicking a non-hysteresis type control scheme. The results are given in Figure 3 . As can be seen the MPC controls the refrigerator's temperature about the setpoint (3 o C) using on-off power control via the smart-plug. This provides a benchmark for assessing the impact of various levels of hysteresis. In this case the controller is also reacting to increasing ambient temperature.
A. Scenario A: Impact of Hysteresis Without Additional Product (Empty Refrigerator)
Here the refrigerator's internal temperature, ambient temperature and power consumption are investigated with temperature hysteresis bands of 0.5 o C, 1 o C, 1.5 o C and 2 o C. Figure 4 shows examples of 2-hour experiment intervals. From Figure 4 it can be seen that as the hysteresis band increases the number of the compressor starts reduces, albeit with the compressor operating for a longer duration after each start. Figure 5 shows the refrigerator's internal temperature, the ambient temperature and the consumed power under the various hysteresis scenarios. By comparison with the results from Scenario A, here it can be seen that the relative number of compressor starts for each hysteresis condition has reduced. For instance, using a hysteresis band of 0.5 o C, there are 6 starts under the empty refrigerator condition compared to 5 starts when the refrigerator contains 10L of water. This is due to the higher specific heat capacity of water (compared to air; no product condition) and therefore it takes longer for the internal temperature to change and hit the upper hysteresis band. Figure 6 shows the refrigerator's projected consumed energy for each of the different hysteresis bands under the empty (no product) condition. It can be seen the the lowest energy consumption is associated with a hysteresis band of 0.5 o C, with 75 kWh annual energy consumption. Moreover, the highest consumption is associated with the 2 o C hysteresis band, with a projected annual consumption of 94.17 kWh per annum. In between there is a consistent trend of greater power consumption as the hysteresis band increases. Notably however, is that the lower hysteresis bands are associated with a greater number of compressor starts, and hence may have an impact on lifetime. Figure 7 shows the annual energy consumption of the fridge 10L of water (internal product). From the results it is clear that the trend is the converse of that presented for Scenario A, with in this instance the greatest hysteresis band being associated with the lowest annual energy consumption.
B. Scenario B: Impact of Hysteresis with Additional Product (10L of Water Contained in Refrigerator)

C. Comparison of Annual Energy Consumption
The results suggest that with appropriate real-time adaptive identification and control the hysteresis band can be adaptively changed to accommodate the impact of varying product contained within the refrigerator, and hence improve the long-term energy consumption. For instance, in the two scenarios identified, energy savings of up to 20% and 10%, respectively, can be expected between best and worst case conditions. Notably, increasing the product thermal mass has the impact of making the refrigerator less sensitive to the applied hysteresis band. 
V. CONCLUSION AND FUTURE WORK
In this paper, the effect of varying hysteresis bands and internal product on the energy consumption of a domestic refrigerator is investigated as part of an IoT controlled platform.
It is shown that the energy consumption of the empty refrigerator increases as the hysteresis band increases. However, as the amount of product is increased (greater thermal mass) the reverse characteristic is shown to occur. It is demonstrated that potential energy savings of up to 20% are possible by judicious choice of hysteresis band with respect to the amount of product within the refrigerator. This requires a real-time adaption scheme based on identifying an underlying model of the refrigerator dynamics, and its control, as presented in the paper for example. For largescale distributed refrigeration systems, as found in superstores for example, the use of IoT in the manner presented in the paper will also allow candidacy algorithms to be implemented (to facilitate DSM) as well as local hysteresis band control to accommodate product mass changes in real time.
Although not specifically addressed in this paper, the results provide a degree of support for the consideration of variable speed drives and compressors in refrigeration systems to facilitate optimal energy efficiency.
